Objectives: Modern polyamide 'flexible' denture base materials have increased in popularity for use in removable partial dentures. The introduction of these new products warrants investigation of their relative potential for toxicity. The purpose of this study was to investigate three contemporary denture base materials used in fabricating definitive prosthetic restorations.
INTRODUCTION
Denture base materials have been developed and refined over the last century. Early commercial products included Vulcanite (a vulcanized rubber), which could be molded to specific shapes to replace the missing gingival architecture of an edentulous patient. This material was sturdy in the oral environment and generally biocompatible with the residual mucosa. In the 1940s, the development of polymethyl methacrylate resins which possessed greater esthetic quality, repair ability and superior physical properties eventually usurped the vulcanized rubber materials in the denture base market. 1 Biologic tests are not required by materials safety standard regulations for the use of denture base products. They are considered low risk materials for patients' health. 2 Nevertheless, concerns regarding the release of residual monomer and other eluates (including formaldehyde, plasticizers, benzyl peroxide, etc.) into the oral environment have been raised. They may cause mucosal irritation and sensitization of the oral tissues. [3] [4] [5] [6] [7] [8] [9] Clinical symptoms include burning sensation in the mouth, redness, vesicles, ulceration, swelling and edema. 10 Previous studies have confirmed that resin materials are potentially toxic to various degrees based on their specific composition, 11 porosity, type of polymerization reaction, 12, 13 technique used for polymerization 14 and post polymerization material handling.
More recently, polyamide materials, which are formed thermally and not chemically processed, have been widely promoted for use as a denture base. Particularly, advocated for these materials are properties including biological inertness, flexibility and the elimination of a metallic framework for applications in partial dentures. 17 Little information about these denture base polymers has been published in the scientific literature, despite their widespread use. It is crucial to investigate the cytotoxic potential of these newer materials so that a material with the least toxicity can be selected.
Removable prosthetics routinely have two basal surfaces. The detail from the master cast of the patient is preserved on the intaglio surface. It is not finished or polished during the construction process as this surface must fit in intimate contact with the residual ridge tissue supporting the denture base. The cameo or external surface of the prosthesis is highly polished and represents the replacement of the teeth and supporting structures which contact the tongue and cheek. 18 The objectives of this study were (1) to determine the potential toxicity of three denture base materials to human gingival epithelial cells and fibroblasts, (2) to compare the relative toxicity of the three materials and (3) to compare the relative toxicity of the polished (P) and unpolished surfaces (UP). The null hypothesis of this study was that there is no statistically distinguishable (p > 0.05) difference in the relative viability of epithelial cells and fibroblasts exposed to the three denture base materials, polished and unpolished.
MATERIALS AND METHODS
Denture disk sample preparation: Sixty-four sample disks (approximately 8 mm in diameter × 2 mm thick) of each test denture material were prepared according to the manufacturer's instructions. These included: (1) heat polymerized polymethyl methacrylate (Lucitone 199, Dentsply) (2) thermoformed nylon 6 polyamide (Valplast TM , Valplast International), and (3) thermoformed nylon 12 composite polyamide (Duraflex TM , Myerson). The surfaces of half of the specimens of each denture material (both the flat surfaces and the edges) were finished and polished as a cameo prosthetic surface with pumice and Acriluster (Buffalo Dental Manufacturing Co.), rinsed with tap water and air dried. The other half of the samples of the denture materials were left unpolished to represent an intaglio prosthetic surface. The samples were obtained from the manufacturer within 24 hours of their preparation and tested within 4 days. The disks were sterilized with ethylene oxide gas and rinsed thoroughly with sterile deionized water prior to their use in the study. All experiments were performed with triplicate disk samples, and each experiment was repeated at least three times.
Human gingival epithelial cells: Human gingival epithelial cells (S-G) were obtained from FH Kasten, East Tennessee State University, Quillen College of Medicine, Johnson City, TN. The cells were grown in Dulbecco's Modified Eagle Medium (DMEM; Gibco), supplemented with 10% (v/v), newborn calf serum (Gibco) and 100 mg/ml gentamicin (Sigma-Aldrich) (termed growth medium) at 37ºC in a humidified atmosphere of 5% CO 2 in air for 24 hours. The S-G cells are a stable cell line with trisomic chromosome distribution and retention of epithelial-like morphology. 19, 20 One milliliter of cell suspension containing 1 × 10 5 cells were placed in each well of a 48 well culture dish and incubated at 37ºC in 5% CO 2 in air for 24 hours to allow the cells to adhere. The following day the media containing nonadherent cells was discarded and the adherent cells were replenished with fresh growth media and used in the toxicity studies. Human gingival fibroblasts: Normal human gingival fibroblasts, derived from gingival explants from healthy individuals with noninflamed gingiva using standard techniques, were previously established in laboratory. 21 The cells were routinely grown in growth medium at 37ºC in a humidified atmosphere of 5% CO 2 . One milliliter of cell suspension containing 1 × 10 5 cells were placed in each well of a 48 well culture dish and incubated at 37ºC in 5% CO 2 in air for 24 hours to allow the cells to adhere. As described above, nonadherent cells were discarded by changing the media and the adherent cells were utilized in the study. Preparation of denture-disk conditioned media: Five groups of denture disks in triplicates, were incubated with 2.5 ml of DMEM growth media in a 24-well culture dish, sealed with parafilm to minimize the media evaporation, at 37ºC in a humidified atmosphere of 5% CO 2 in air. The media was collected from each individual group on, 2-5 and 7 days and kept frozen at -20°C until all the samples were collected. Growth media without denture disks were incubated in a similar manner and served as control media.
Determination of denture material cytotoxicity by [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT) cell viability assay:
Effects of the denture material conditioned media on cell viability was assessed by MTT assay, which is based on the ability of the mitochondrial enzyme, succinate dehydrogenase to cleave the tetrazolium salt [3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] (MTT) to a formazan dye by metabolically active cells, using a MTT kit from Roche laboratories (Roche Diagnostics.)
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In order to test the effect of conditioned media obtained from denture disks on cell viability, an aliquot (0.2 ml in triplicate) of control or denture disk conditioned media was added to the wells seeded with 1 × 10 5 fibroblasts or epithelial cells in a 48-well dish along with fresh 1.0 ml of growth media and incubated for 24 hours at 37°C. Following the incubation, cell viability was tested by adding 0.1 ml of MTT label provided in the manufacturer's kit and incubating for 2 hours at 37°C. Purple formazan crystals produced from the MTT by metabolically active cells was solubilized by overnight incubation with solubilization solution provided in the manufacturer's kit, at 37°C. Aliquots of 200 ml were removed and dispensed to a clean 96-well plate, and absorbance read at 550 nm using a microtiter plate spectrophotometer (Spectrostar; BMG Lab Tech Inc). The resultant optical density is directly proportional to the number of viable cells. Results were expressed as % control (A 550 nm in cells exposed to control growth media alone).
Effect of the denture-material conditioned media on cell membrane integrity measured by lactate dehydrogenase (LDH) assay: Cytotoxicity of the materials leading to plasma membrane damage was measured using the cytotoxicity detection kit lactate dehydrogenase (LDH) (Roche Diagnostics). Lactate dehydrogenase, a stable cytoplasmic enzyme found in all cells, is quickly released upon damage to the plasma membrane. 22, 23 Individual wells of a 48-well culture plate were seeded with fibroblasts or epithelial cells containing 1 × 10 5 cells/ml and allowed to adhere. A low serum concentration was used to reduce background absorbance because animal sera contain various levels of LDH; and 1% serum is sufficient for these cells to attach, and does not add significantly to LDH activity released by the cells. After attachment, the medium was removed from the wells, and washed once with 2 ml phosphate buffered saline (PBS), and then 1 ml denture disk conditioned media or control media was added, and incubated for 24 hours. To determine maximum LDH release (high control), in some wells the cells were solubilized with a final concentration of 1% (w/v) Triton X-100 (Sigma-Aldrich). Spontaneous LDH release (low control) was determined by incubating the cells with the media alone. The cell-free supernatants were collected and transferred to clean 96-well plates. Lactate dehydrogenase activity was assayed in the supernatants by a reaction in which the tetrazolium salt, INT, was reduced to a red formazan salt, using the LDH cytotoxicity detection kit. Since the cells were incubated for 24 hours, the LDH release serves as a general cytotoxicity assay. Absorbance was read at 490 nm with Spectrostar spectrophotometer. Results were expressed as % cytotoxicity [(experimental value-low control/high control-low control) × 100].
Cytotoxic effect of the denture materials conditioned media on epithelial cells determined by live/dead mammalian cell viability assay: Cytotoxicity of cultured epithelial cells following the exposure to denture base materials was measured using the live/dead mammalian cell viability assay kit (Molecular Probes, Invitrogen). Epithelial cells were incubated with denture disk condition media as described previously
RESULTS
Each experiment was repeated a minimum of three times, with triplicate determinations at each data point. Mean values ± SE were calculated and the data obtained were analyzed by means of a linear model ANOVA followed by Tukey's post hoc tests for comparison among groups. The significance level adopted was 5% (p < 0.05).
The results of experiments determining the cytotoxic effects of denture material conditioned media on epithelial cells and fibroblasts are shown in Tables 1 and 2 . In general, the media of unpolished denture disks were found to be more toxic to the cells than their polished counterparts (Tables 1 and 2 ). Unpolished Valplast conditioned media, was found to be most toxic to both epithelial and fibroblast cells while polished Lucitone media was significantly less toxic, followed by Duraflex (p < 0.05). Only 2% of epithelial cells and 1% of fibroblasts were viable after 7 days of incubation with media from unpolished Valplast media, while the polished Valplast media at the same time period (7 days) was less toxic as 92 and 76% of the epithelial cells and fibroblasts were found to be viable (Tables 1 and 2 ), respectively. Cells incubated with conditioned media of unpolished disks for 7 days exhibited significantly higher degree of toxicity (p < 0.05) than the polished disks.
In general the results of LDH assay appear to agree with MTT cell viability assays. The unpolished Valplast media was found to be toxic to about 84 and 90% of the epithelial and fibroblast cells respectively while polished Valplast media was toxic to 75 and 77% of the epithelial and fibroblast cells respectively (Table 3 ). There were no significant differences in toxicity to the cells caused by the media of polished and unpolished Valplast. Cytotoxicity of Lucitone to cells ranged from 31 to 59%. The difference between polished and unpolished Lucitone media toxicity was found to be significant (p < 0.05). Duraflex conditioned media was found to be the least toxic (Table 3) . Similar results were also obtained with 2-and 7-day conditioned media (data not shown). The toxicity measured by the LDH assay was calculated based upon the maximum LDH released from the cells when solubilized with 1% (W/V) Triton X-100. When the cells were incubated with growth media alone, they spontaneously released approximately 5% of the maximum LDH activity. The results expressed above were the net percentage of cell toxicity after subtracting the control toxicity values.
The gingival epithelial cells were incubated with growth media and with Valplast unpolished 7-day conditioned media for 4 hours. Since Valplast unpolished conditioned media were found to be most toxic in the MTT and LDH assays, it was chosen for confirming the toxicity using the live/dead mammalian cell viability assay. The cells treated with growth media exhibited a green fluorescence while those treated with Valplast conditioned media exhibited red fluorescence, due to the toxicity. The viability of epithelial cells treated with other conditioned media was found to be unaffected, the cells exhibited green fluorescence (data not shown).
DISCUSSION
It is customary to investigate the biocompatibility of new dental materials. Allergic and cytotoxic reactions associated with denture materials are well known and include ulcers and burning sensation. 10, 24 This is believed to be caused by close contact of the materials with the host tissue. Thus, tissue response to dental materials is a factor in their selection and usage. With cytotoxic studies it is important to employ the cell lines which closely mimic the host tissues (that come in contact with dental materials). In the present cytotoxic study, we tested both gingival fibroblasts and epithelial cells and compared the cytotoxicity of three types of materials in common use. The differences between polished and unpolished denture materials were also compared, and it was found that the polished surfaces in general appeared to be less toxic than the unpolished denture materials. The null hypothesis in this study (that there is no statistically distinguishable difference) was rejected (p > 0.05). This study was conducted using the MTT and LDH assays. The MTT assay is considered by many as a more material-sensitive assay and has been used by several researchers for evaluating resins, as it records the response of one metabolic enzyme. 25, 26 In addition, it is 19860 ± 1090 (2%) Lucitone-P 8120 ± 680 (0.8%) 12650 ± 1420 (1.26%) 30600 ± 3540 (3.2%) 345000 ± 32600 (34.5%) 835500 ± 72400 (84%) Lucitone-UP 910 ± 130 (0.09%) 3820 ± 400 (0.38%) 15750 ± 175 (1.6%) 95800 ± 8420 (9.6%) 442600 ± 37550 (45%) Duraflex-P 7330 ± 580 (0.73%) 11300 ± 1080 (1.13%) 25200 ± 3210 (2.52%) 106350 ± 9130 (10.7%) 541450 ± 42610 (54.15%) Duraflex-UP 1480 ± 135 (0.15%) 7060 ± 850 (0.7%) 24050 ± 1180 (2.4%) 83920 ± 6180 (8.4%) 355300 ± 33290 (35.6%) P: Polished; UP: Unpolished; The number in parenthesis represents percentage of viable epithelial cells This difference in toxicity of the materials could be associated with the finishing and polishing procedures.
25,27
It may be during the polishing process that certain toxic elements may become inactive or get removed from the surface layer. 27 The difference in toxicities seen in different denture base materials at different times is related to composition of the material, degree of polymerization, material density, amount of toxic components eluted, rate of elution and mechanism of toxicity of the eluates. 25 Also, these clinical problems relate to infection/contamination of the materials, especially by Candida, which then causes the tissue reaction. It is highly likely that the curing process and density of materials may also have played a role in the differences in material cytotoxicity observed in this study. Despite the cytotoxicity of most denture materials, the incidence of allergic responses and hypersensitivity is low, which can be attributed to the presence of a protective layer of keratin overlying the oral mucosal epithelial cells. 26 Patients are also instructed to place their prostheses in water when outside the mouth resulting in elution of toxic components which may decrease the incidence of hypersensitivity. Moreover, the rate of elution of toxic components decreases with time. 26 The results of several studies show that maximum toxic effects of resins on oral tissues occurs in the first 48 hours. Therefore, it is recommended that resins should be stored in water for at least 48 hours prior to the delivery of the prosthesis to allow elution of toxic components. 9, 25 Many studies have identified the toxic potential of traditional resin denture base materials due to the release of residual polymerization by-products. Cytological evaluations for the newer denture base materials, specifically for toxicity to gingival epithelial cells and fibroblasts, appear to be novel in the scientific literature. While the main toxic component eluted from the heat acrylic denture base materials is monomer, it would also be interesting to study the nature of the materials eluted from the flexible denture base materials and to study the interaction mechanism between the newer denture base materials and the oral cells. 28 Determining the toxicity of various denture base materials using cell cultures is simple, easily reproducible and cost effective, 28 but the results of these tests should be interpreted with caution since cytotoxicity reactions and hypersensitivity cannot be explained in vitro. 29 Dental materials must be selected based on the results of both in vitro and in vivo studies. 29 Further studies are needed to investigate the cytotoxicity of the newer flexible denture materials.
The results of this study concluded that Valplast conditioned media in general, especially the media of unpolished disks was found to be most toxic to both cell types. Polishing surfaces appears to aid in reducing the toxicity levels, and the conditioned media from polished disks was significantly less toxic to the cells employed in this study.
CONCLUSION
The results of the study conclude the following:
• Toxic components may be eluted from all the denture base materials studied including the newer flexible denture base materials.
• The toxicities for cultured cells differ over time.
• Unpolished Valplast conditioned media was the most toxic of all the materials tested.
